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TESTS OF PLASTER-MODEL SLABS SUBJECTED TO 
CONCENTRATED LOADS 


I. INTRODUCTION 


1. Introduction For concentrated loads on slabs the greatest 


stresses are near the load point where the usual assumptions of the. 
ordinary theory of flexure of slabs are not valid. Special theories are 


required to determine the maximum stresses. Analyses by means 
of the special theories are not available for a number of important 
cases of loading of rectangular slabs, including the case of loads near 
a supported edge. It is desirable to supplement the analyses by 
means of experiments. To do so, it is necessary to use a material the 
properties of which are as closely as possible in accord with the 
assumptions made in the analyses in order to have a control on the 
experimental technique where analytical results are available. 

The properties of plaster-of-Paris or pottery plaster are ade- 
quately discussed elsewhere.* It is sufficient to recall here that when 
specimens of pottery plaster are made under the proper conditions 
the stress-strain relation is practically linear up to the point of 
rupture; the material is relatively weak in tension; and failure seems 
to occur at a limiting tensile stress which is dependent to some extent 
on the general state of stress, but for practical purposes may be con- 
sidered to be nearly independent of the magnitude of the other 
principal stresses. When plaster is used for tests such as those de- 
scribed in this bulletin, the necessity for measuring strains is elimi- 
nated, since the intensity of the maximum tensile stress occurring 
in the test specimen is equal to the strength of the plaster, and this 
fairly definite stress corresponds to the ultimate load on the specimen 
just before rupture. One may determine relative stresses for given 
loads on different specimens by a comparison of ultimate loads. 

One objection to the use of plaster as a model material concerns 
its lack of homogeneity, due principally to the presence of numerous 
tiny entrapped air bubbles in the mixed material. Various expedients 
were tried to eliminate this fault. It was discovered that high fre- 
quency mechanical vibration applied to the mixing tub caused 


practically all of the entrapped air to escape and produced a very 


*See for example: P ; 2 
Fred B. Seely and Thomas J. Dolan, ‘‘Stress Concentration at Fillets, Holes, and Keyways as 


‘Found by the Plaster-Model Method,’’ Univ. of Ill. Eng. Exp. Sta., Bul. 276, 1935 


Fred B. Seely and Richard V. James, ‘The Plaster-Model Method of Determining Stresses 


Applied to Curved Beams,”’ Univ. of Ill. Eng. Exp. Sta., Bul. 195, 1929.. 
a Fred B. Seely, “Advanced Mechanics of Materials,” 1932, John Wiley and Sons, New York, p. 193. 
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dense material that upon examination with a low-power microscope 


appeared to have a uniform structure with no visible cavities or voids. 
For experiments covering a wide range of variables there are 


many advantages in the use of small-scale models. Although the — 


behavior of a reinforced concrete slab at ultimate loads is different 
from the behavior of a plaster-model slab at failure, there is con- 
siderable similarity in behavior between the plaster slab up to 
rupture and the reinforced concrete slab at working loads. The loads 
causing rupture, and the manner of failure of the plaster slabs, should 
give some qualitative indication, at least, of the action of reinforced 
concrete slabs. 


2. Object and Scope of Investigation—The tests reported are of 
slabs made of pottery plaster, generally 1 in. thick and of 12-in. span, 
loaded with concentrated loads distributed over the area of a small 
circle, and supported on non-deflecting simple supports. The tests are 
intended to supplement the available analytical and experimental 
data for slabs under concentrated loads, and in particular to furnish 
additional information concerning maximum stresses for those slabs 
and loadings that cannot be treated readily at present by mathe- 
matical methods. Comparison of the results of the mathematical 
theory for the stresses in homogeneous, elastic, and isotropic slabs 
with the strengths of plaster slabs.is made in order to demonstrate 


the applicability of the plaster-model method to the determination — 


of stresses in elastic slabs. The effect of certain variables, such as 
shape and thickness of slab, manner of support, amount of overhang, 
and position and shape and size of loaded area, are studied. The 
variables covered are shown in Fig. 1, and may be outlined as follows: 
Series 1. Circular slabs of constant diameter, load at center. 
(a) Control slabs. 
(b) Variable depth of slab. 
(c) Variable type of loading area. 
Series 2. Rectangular slabs supported on two edges, span con- 
stant. 
(a) Load at center, variable width of slab. 
(b) Variable position of load, square slab. 
(c) Load near edge, square slab, variable overhang at sup- 
ported edges. 
Series 3. Rectangular slabs supported on four edges. 
(a) Load at center, corners held down, variable length of slab. 
(b) Load at center, corners free to lift up, square slab. 
(c) Variable position of load, corners held down, square slab. 
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Series 4. Miscellaneous slabs. 
(a) Square slab supported on four corners, load at center. 
(b) Square slab supported on two opposite corners, load on 
other two corners. 


For each batch of plaster a number of control beams and com-— : 


pression cylinders were cast in order to indicate variations in the 
properties of material. 

The detailed discussion of test methods in Chapter II is given in 
order that the reader may have adequate information concerning 
the factors that might have influenced the test results. 


3. Acknowledgment.—The tests reported herein were made by 
Mr. Lepper as a part of his thesis submitted for the degree of Master 
of Science in Theoretical and Applied Mechanics in the Graduate 
School of the University of Illinois. The work was performed in 
conjunction with an investigation of the effect of concentrated loads 
on reinforced concrete bridge slabs being carried on by the Engineer- 
ing Experiment Station of the University of Illinois in coéperation 
with the United States Bureau of Public Roads and the Illinois 
Division of Highways. The investigation is conducted under the ad- 
ministrative direction of Dnan M. L. Eneur, Director of the Engi- 
neering Experiment Station, Prormrssor W. C. Huntineton, Head 
of the Department of Civil Engineering, and Proressor F. B. SEELY, 
Head of the Department of Theoretical and Applied Mechanics. 

The work of the investigation is under the general supervision of 
F, E. Ricwart, Research Professor of Engineering Materials, Uni- 
versity of Illinois, and is guided by an Advisory Committee consisting 
of representatives of the three codperating agencies. S 


Il. Maxine anp TESTING oF SPECIMENS 


4. General Properties of the Plaster—The material generally used 
in the plaster-model method is a high grade pottery plaster having 
nearly the same chemical composition as_plaster-of-Paris but re- 
quiring a longer time to set, so that there is sufficient time to mix 
and pour it successfully. In these tests Aridize Pottery Plaster, 
produced by the U. 8. Gypsum Co., was used. Since the strength and 


quality of the plaster are dependent on the manner of handling, — 


particular care is necessary to secure uniform conditions in mixing 
and curing the plaster. Other investigators working with this 
material have found that the strength, density, and rapidity of 
setting all increase with decreasing proportions of water used in 
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mixing the plaster.* The plaster should be allowed to stand for a 
few minutes after it is added to the water, to permit it to blend or 
become thoroughly saturated with the water, before the mixing 
operation is started. The time of blending has a pronounced effect 
on the strength and the time of setting of the mix. A preliminary 
series of tests was made to determine the best mixing schedule to 
follow, as the result of which a water-plaster ratio of 70 per cent by 
weight and a blending time of 12 minutes were chosen and used 
throughout the tests. 

An attempt was made to keep the size of the batches fairly con- 
stant; the amount of plaster used per batch varied from 40 to 60 lb. 
for different series. Weighed quantities of plaster and water were 
mixed in a large galvanized iron tub. The temperature of the mixing 
water when added was 60 deg. F. for all batches, and the room tem- 
perature averaged about 70 deg. F. As nearly as possible the same 
mixing technique and time schedule of operations was maintained 
for all batches to insure uniformity of the material. 

The plaster was poured carefully into the water at a uniform rate 
and was totally immersed when all the plaster had been added. The 
mixture was allowed to stand and blend for a period of 12 minutes 
from the time the first plaster was added to the water. During this 
slaking period, the plaster became thoroughly saturated with water, 
and some of the entrapped air rose to the surface and was eliminated. 
At the end of this period mixing was started by stirring the mass 
slowly and evenly by hand. This stirring was continued steadily 
for 5 minutes, but alone was not sufficient to remove the tiny en- 
trapped air bubbles in the mass. Since these bubbles would leave 
holes in the specimens which might cause concentrations of stress 
that would mask the true results, various procedures to eliminate 
the bubbles were tried, and mechanical vibration proved most 
successful. 

Shortly after stirring was begun, and a fairly uniform mix had 
been obtained, vibration was applied to the mass to force out the 
entrapped air. The vibrator was of the internal type used for placing 
concrete, having a rotating eccentric weight in a long shaft; the 
method of using it is shown in Fig. 2. Steel angles supported the 
mixing tub, providing a clear space beneath it for the vibrator shaft, 
and on top of the angles rubber pads held a steel plate in contact 
with the bottom of the tub to prevent wear from the vibrator. The 
end of the shaft was held in contact with the plate on the bottom 


*Fred B. Seely and Thomas J. Dolan, “Stress Concentration at Fillets; Holes, and Keyways as 
Found by the Pigster- Model Method,” Univ. of Ill. Eng. Exp. Sta., Bul. 276, 1935, 
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Fig. 2. Mrxine Tus with Visrator IN Position 


of the tub, and wedged against it by pressing down on the handle. 
Vibrating the bottom of the mixing tub proved to be much more 
effective in eliminating air than vibration of the mixture internally. 

The vibration could be felt throughout the mass, and it caused 
the whole to consolidate, forcing the air to the surface where the 
bubbles broke quite readily. After about 2 minutes of vibration, all 
the air had been removed and the mix was smooth and uniform in 
appearance. Meanwhile hand stirring was continued. Immediately 
before pouring, the vibrator was again used for a short period to 
remove any additional air that might have been introduced during the 
stirring, leaving a smooth, dense, creamy material which could be 
easily poured without introducing new bubbles, and resulting in a 
uniform and even-textured product. 


5. Manufacture and Care of Specimens.—The specimens were all 
poured to the correct size and shape in steel molds on glass plates. 
The steel forms were fixed in position by a bead of plaster around the 
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‘outside edges, which also prevented the liquid plaster from leaking 
‘out of the molds as it was poured. The forms were thoroughly 
‘covered with a light film of oil to facilitate cleaning off the plaster. 
‘The specimens were cast by dipping the plaster from the tub with 
ssmall scoops. 

Shortly after the plaster was cast into the molds it began to set, 
and while in a partially set state the slab specimens were struck off to 
a smooth upper surface. The side forms served as guides to give the 
rproper thickness. Cylinders were capped with glass plates to give 
ssmooth flat bearing faces without further finishing. About 15 
minutes after it was placed the plaster was sufficiently hard to permit 
removal of the molds. At this time the slabs were quite warm to the 
ouch and the surface was covered with a film of water being driven 
ut of the plaster, which enabled the molds to be removed easily. 
view of several slabs in the molds is shown in Fig. 3. 

The specimens were stacked under wet burlap to cure for two 
days. After this curing period, the slabs were stacked in an open 
room to dry for about a week, then placed in the drying racks until 
the time of test. The conditions in the drying room remained fairly 
onstant during the drying period; a temperature of 75 deg. F. with 
4 relative humidity of about 20 to 30 per cent represented the usual 
state. By standing the specimens on edge so that both top and 
5ottom surfaces were exposed to the air, uniform drying was ob- 
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Fic. 4. Stass AND BEAMS IN Dryine Racks 


tained and no warping or distortion due to drying was noticed. The 
specimens, when tested after the minimum storage period of four 
weeks, were hard and dry with a distinct metallic ring when struck. 
The manner of storing the slabs and control beams in the drying 
racks is shown in Fig. 4. 


Due to the variation to be expected in individual test results, : 


six duplicate specimens for each test were cast. In so far as was 
possible, one slab for each variable in a series was poured from each 
batch in an attempt to eliminate batch-to-batch differences from 


the average. This method was apparently satisfactory since the — 


agreement in results between like specimens was as good when each 
came from a different batch as when they all were from the same batch. 
The properties of the plaster, as well as the uniformity of the 


batches, were determined by control tests. Six compression cylinders, — 
2 in. in diameter by 4 in. in height, and six control beams of 1 in. bys 
1 in. cross-section 12 in. long were poured from each batch and cured — 


with the slabs from the same batch. 


6. Tests of Slabs—With the exception of the thickest circular 


slabs which were tested in a 50 000 Ib. Riehle testing machine, all — 


the slabs were loaded in the special testing machine shown in Fig. 5. 


The slabs were supported on steel bearing blocks set on top of a ~ 


2-in. thick steel slab, 24 in. square, having a machined upper surface. 


This was bedded through 2 in. of conerete to the top flanges of four 
6-in. steel channels, which in turn rested on the wooden frame sup- 


porting the apparatus. Short pieces of channel bolted at right 
angles supported the frame against which the loading bolt pulled. 
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Fic. 5. Spectra, Testinc Macuine For PuLAster-MopgEt SLABS 


This very heavy construction was used to secure a rigid table with 
only a negligible deflection under the loads to be used. 

Load was applied to the test specimen through the dynamometer 
shown within the loading frame of Fig. 5. A view of a slab in the 
loading apparatus is shown in Fig. 6. The slabs were placed in the 
machine in such a way that the load point was at the center of the 
table, so that the apparatus was balanced. A bearing block of steel 
‘ested on a rubber cushion on the slab, and a ball centered on top 
of this supported the upper beam shown in Figs. 5 and 6 and insured a 
‘central load. Bolts from the ends of this upper beam passed around 
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Fic. 6. Stas in Positron ror Test, SHowrnc Merxop 
oF SUPPORT AND LOADING 


the sides of the bed plate and held a lower beam, at the center of 
which was a yoke to receive the fittings for the upper end of the 
dynamometer. At the lower end of the dynamometer were fittings 


ee ee ee 
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to which the loading screw was attached. This screw was keyed to — 


the guide blocks so that it could not rotate, and passed through a 


ball bearing which received the reaction thrust from the brass— 


loading nut (shown in Fig. 5 below the loading frame) and transmitted 


it to the table of the machine through the loading frame. By turning } 
the brass loading nut with a small wrench, a pull was exerted through 
the dynamometer and applied through the upper beam to the slab. 


Since the weight of this loading equipment rested on the slab and 
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was itself part of the load, magnesium alloy beams and bolts were 
used to secure lightness. 

The dynamometer was a closed spring having a dial across the 
middle which measured its deformation under load. It was calibrated 
with dead weights up to its capacity of 1000 lb., and the calibration 
curve was used to obtain the load for the individual tests. The load 
on the dynamometer was measured with an error of less than 1 
per cent, judging from the calibration data. 

The entire loading rig including the loading beams and the 
dynamometer was intentionally designed to be very flexible so that 
the deflection of the test slab under an applied load would have 
only a small effect on the magnitude of the load. Because of the 
large deflection of the apparatus a relatively large amount of energy 
was stored in the loading frame during a test. To provide for the 
recoil and to prevent damage to the equipment when the slabs broke, 
rubber cushioned bolts were placed under each end of the upper 
beam of the loading frame. By keeping them just slightly clear of 
the beam as it deflected under load, they were in position to catch 
the beam after a very short drop when the slab broke. This apparatus 
seemed satisfactory for all the slab tests, and was also used for the 
control beam tests. 

In order to obtain non-deflecting supports at the edges of the 
slab the method of support shown in Fig. 6 was used for the rectan- 
gular slabs. Bars of 1-in. by 1-in. cold-rolled steel were bolted to 
the face of the bed plate of the machine in such a position that the 
load would be in the proper place on top of the slab. The steel 
bars had a 90-deg. V groove milled longitudinally in the top face, 
and in this groove 44-in. round steel rods were placed and cemented 
in position. This type of bearing proved to be satisfactory in so 
far as rigidity of the support was concerned. 

The slabs were bedded with a small amount of plaster to the 
tops of V blocks resting on the bearing rods. The blocks were 
14 in. wide, 4 in. deep, and about 1 in. long with a groove milled 
in one face. They were placed with the groove downward over the 
bearing rod, and formed a -in. wide surface on which to place the 
slab. By using the short lengths a bearing along the entire length 
of support was assured since each block rested on the rod at some 
points. This type of bearing permitted rotation of the edge of the 
slab about the rod with but a slight frictional restraint. 

: The area of the slab coming in contact with the fresh bedding 
plaster was coated with lacquer to prevent drying of the bedding 
plaster before a satisfactory bearing could be obtained. After the 
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plaster had set sufficiently, the slab was taken up, the excess plaster 
trimmed away from the blocks, and the specimen set aside for a day 
to permit the new plaster to dry thoroughly. The slab was replaced 
on the rods for testing, and rested uniformly all along the supports. 
Several slabs could be prepared for test at one time by this procedure. 

For the centrally-loaded circular slabs a support was made from a 
round rubber-covered electric cable of about 14-in. diameter cemented 
in a groove in a metal ring of proper diameter. This flexible bearing 
permitted adjustment of initial irregularities and deflected uni- 
formly under load to give the desired condition of a simply sup- 
ported edge. 

The corners of the rectangular slabs in Series 3 were held down 
by a frame resting on the four corners of the slab. The slabs of 
Series 4a were supported on the four corners on 1-in. diameter disks, 
using rubber shims to remove the initial irregularities. In Series 4b, 
the slabs were supported on 1-in. diameter disks under two opposite 
corners, one of the other corners was held down with a similar disk, 
and a downward load was applied on the fourth corner with the 
loading block. All the corner forces were necessarily equal, and 
measurement of one during loading was sufficient. 

One loading disk was used for all except the special tests in 
Series le. This disk was a steel block faced with 1-in. thick gasket 
rubber, with a ball centered on top through which the load was 
applied. The special shapes of load area in series le were obtained 
with similar rubber-faced loading disks of proper shape, all loaded 
through a ball bearing. 

Testing procedure consisted of marking the slab, measuring its 
thickness and other required dimensions and then bedding it in the 
machine in the manner described above. After the elapse of a one- 
day period to permit the bedding plaster to dry, the slab was put in — 
the machine and tested to destruction. 


7. Tests of Control Beams and Cylinders—The 1-in. by: 1-in. 
control beams were supported on a 12-in. span and loaded at the 
third points. Round leather belting was used at the load and reac- 
tion points to bear against the plaster. This was flexible enough to 
remove irregularities in bearing. All the beams were tested in the 
slab testing machine. In order to obtain the magnitude of the low ~ 
loads more accurately, the load was applied through a steel beam in 


such a way that the actual load on the test specimen was only half 
the dynamometer reading. 
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Measurements of the curvatures in the lateral and longitudinal 
directions were made on a few of the beams in order to obtain values 
of Poisson’s ratio and of the modulus of elasticity in bending. These 
measurements were made by cementing multiplying levers to the 
sides of the beam and observing the changes in distance between 
targets with low-power micrometer microscopes.. 

The standard 2-in. by 4-in. plaster cylinders were tested in a 
hand-operated 10 000-Ib. Olsen testing machine. A spherical upper 
head was used in the tests to secure a uniform stress on the cylinder. 
Compressometer readings on a 2-in. gage length were taken on some 
of the cylinders. 

Both the cylinder and beam control specimens were tested at 
about the same time as the slabs from the same batches of plaster 
in order to minimize the effect on the strengths of variations due to 
changing atmospheric conditions in the drying room. 


III. Resuuts or Trsts 


8. Control Beams and Cylinders.—The results of the tests of the 
l-in. by 1-in. control beams with third-point loading and of the 2-in. 
by 4-in. control cylinders are given in Table 1. Besides the average 

strength of the 6 specimens for each batch, there are tabulated the 
maximum and the minimum strengths in order to show the variation 
within each batch of companion specimens. 

Individual cylinders in each batch show a fair agreement in com- 
pressive strength. The range from the lowest to the highest cylinder 
strength of a batch is less than 17 per cent of the average com- 
pressive strength of the batch for half of the total number of groups 
of cylinders tested, and less than 21 per cent of the average for 
three-quarters of the total number of batches. That is, for any given 
batch, the compressive strength of companion cylinders deviated 
generally less than 10 per cent from the average. However, the 
variation between average compressive strengths for the separate 
batches is about 29 per cent of the average, the batch strengths 
varying from 1664 lb. per sq. in. to 2226 lb. per sq. in., whereas, 
the average cylinder strength of all the cylinders tested is 1931 
Ib. per sq. in. 

The range in modulus of rupture (computed from the flexure 

formula) of control beams from the same batch is, in half the number 
of batches, less than 20 per cent of the batch average, and in 
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TABLE 1 
Moputus or Ruprure or Controt Beams AND ULTIMATE CoMPRESSIVE 
SrrRENGTH OF CONTROL CYLINDERS 


Cylinders 2 in. in diameter, 4 in. high, tested in compression, Control beams 1 in. by 1 in. in 
cross-section, loaded at the third points of a 12-in. span. 


Cylinder Strength Modulus of Rupture 
lb. per sq. in. lb. per sq. in. 
Batch 
Series Num- a: oh: 
ber | Masi- | Mini |Aversee| Averages | nasi vin) SCP") 
ee ee 6 tests Series ean ze 6 tests | Series 
la 23 2200 1660 1855 721 596 655 
32 2340 1870 2072 856 685 767* 
* 40 2020 1845 1961 721 665 688 
47 2305 1820 2052 785 599 703 
48 2035 1685 1853 748 601 655 
54 1910 1600 1793 1931 884 571 737 701 
1b 34 2178 1735 1978* 732 672 705 
35 2060 1800 1941 - 785 634 706 
38 2100 1810 1971 762 636 679 
39 2295 1910 2140 763 672 711 
45 1870 1730 1783 808 577 683 
46 2045 1824 1919 1955 714 621 674 693 
le 55 1920 1505 1704 781 638 700 
56 2000 1650 1763 752 616 668 
57 1755 1520 1665 758 562 654 
58 2045 1655 1850 749 592 653 
59 2000 1590 1799 673 621 636 
60 2160 1905 2020* 1800 734 650 685 666 
2a 14 1904 1678 1770 726 618 664* 
15 1813 1586 1715 660 576 608 
25 2060 1715 1889 734 616 673 
26 1970 1770 1865 756 570 665 
41 1745 1535 1664 756 509 632 
42 1860 1570 1745 1775 726 648 683* 654 
2b 16 2210 1975 2066 737 557 628 
27 2235 1960 2104 716 550 653* 
43 2020 1690 1861* 2010 780 569 668* 650 
2¢ 18 2300 1910 2156 728 640 690 
19 2205 2045 2111 841 706 752 7 
30 2420 2070 2226 746 685 710 ~ 
31 2245 1910 2058 823 648 759 
49 2265 1790 2094 830 700 749 
50 1865 1790 1814* 2077 824 620 707 728 
3a 20 1910 1590 1768* : 769 576 643* 
29 2190 2005 2090 646 596 625 
53 1825 1670 1763 1874 ; 820 616 697 655 
3b 24 2230 1730 2034 2034 758 646 690 690 
3¢ 21 2430 2010 2213 674 542 631* f 
22 2350 2015 2155 716 601 668* 
36 2125 1615 1968 884 527 707 
37 2030 1600 1833 7A7 511 644 
51 1900 1630 1823 749 601 691 
52 1980 1615 1833 1971 752 626 683 671 
4a 33 2420 1860 2220 2200 763 651 726* 726 
4b 47 2305 1820 2052 785 599 703 
48 2035 1685 1853 1951 748 601 655 679 
Grand averaget 1931 Grand averaget 682 


*Less than 6 tests averaged. 
{Batches 47 and 48, used for both series la and series 4b, included only once in grand average. 
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three-quarters the number of batches, less than 27 per cent of the 
batch average. But the batch averages themselves are more con- 
sistent, varying only over a range of about 23 per cent of the grand 
average. The average modulus of rupture for the batches varies 
from 608 lb. per sq. in. to 767 lb. per sq. in., and the average modulus 
of rupture for all the control beams tested is 682 lb. per Sq. in. 

A statistical measure of the consistency of the average values for 
the separate batches is given by the so-called “Standard Deviation”’ 
which is the square root of the average of the squares of the devia- 
tions of the separate batch values from the average value for all 
the batches. For the control cylinders the standard deviation of the 
batch averages is 8.3 per cent of the mean and for the control beams 
the standard deviation of the batch averages is 5.4 per cent of the 
mean. Another measure of the consistency of the data for the control 
specimens is the following: For 44 batches of control cylinders, the 
batch average in 13 cases deviated less than 5 per cent, and in 10 
cases more than 10 per cent, from the grand average. For 44 batches 
of control beams, the batch average in 29 cases deviated less than 
5 per cent, and in only 4 cases more than 10 per cent, from the 
grand average. 

In view of this analysis of the results, and taking into account 
the variations common to tests of this nature, it was felt that the 
material was as uniform as could be expected. It was decided 
further that it would be unwise to make corrections of the slab 
test results to some assumed datum of control strength, since the 
probable error in the average result for any group of 6 tests might 
easily be of the same order as the variation between batches as 
measured by the control tests. Moreover, the test program for the 
slab tests was so laid out that nearly all comparisons were made 
between groups of slabs made from the same batch or same group 
of batches of plaster. 

There seems to be no consistent relation between the modulus 
of rupture and the compressive strength of the plaster. Evidently 
factors in making, curing, and testing the specimens had varying 
effects on the strength of the plaster in these two types of test. 
The modulus of rupture is in any case a more significant measure 
of the properties of the material that influence the strength of the 
slabs. 

A number of tests were made of the flexural strength of beams 
2 in. wide and 1 in. deep loaded with a concentrated load applied 
to a l-in. diameter circular area at the center of a 12-in. span. It 
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TABLE 2 
Moputus or Ruprure FoR 2-IncH Brams wird LOAD AT CENTER 
CoMPaRED with Mopvu.us or Ruprure oF ContTrot BEAMS 


Beams 2 in. wide and 1 in. deep. Load applied to 1-in. diameter circular area at center of 12-in. 
span. 


Modulus of Rupture of 2-in. Beams 


Ib. per sq. in. Modulus of | Ratio Modulus of 
Batch Rupture of Rupture of 2-in. 
Number Control Beams | Beams to that of 
5 2 Average for lb. per sq.in. | Control Beamsf 
Maximum Minimum Giexta 
23 835 725 793 655 1.21 
32 965 705 848 767 eat 
40 835 638 736 688 107, 
47 854 708 785* 703 1.12 
48 794 667 734* 655 1.12 
54 842 732 797 737 1.08 
Grand average for series la 782 701 1.12 
Grand average for series 2a 828t 654 Lizi 


*Result of 3 tests. 
+Based on averages for each batch. 


{Calculated from the average ultimate load of 92 Ib. reported in Table 6 for the centrally loaded 
2-in. beams, 


is known that for such a loading the modulus of rupture is somewhat 
higher than for load applied at two points, such as for the control 
beams with third-point loading. Since the type of stress concentra-- 
tion in such a specimen with center loading is more nearly like that 
in the neighborhood of a concentrated load on a slab it was felt 
that a better relation could be determined between the correspond- 
ing maximum stresses using the center loading instead of the third- 
point loading. The results of the tests of several groups of such 
2-in. beams are given in Table 2. The numerical values of modulus 
of rupture reported are the ultimate flexural strengths computed by 
the flexure formula for a concentrated load. 

The average strengths of the 2-in. beams for each batch show 
about the same variation as the average values of the modulus of 
rupture for the corresponding batches. The strengths reported, are 
possibly slightly high, because the load actually is distributed 
approximately uniformly over the area of a l-in. diameter circle. 
The greatest possible difference in moment between the actual and 
the assumed condition would occur if the load were considered to 
be divided in half and applied at separate points 4% in. to either 
side of the center of the beam. The maximum moment would then 
be 8.3 per cent less than that found for the load concentrated at 
the center. Such an extreme condition of loading was surely not 
reached by the manner of conducting the beam tests. 
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The maximum tensile stress computed by means of the flexure 
formula, in the neighborhood of a concentrated load, is slightly larger 
than the true stress.* The magnitude of the sey however, 
for a beam of 12-in. span loaded over its full width along a transverse 
line at the center, is only 1.5 per cent. The difference is probably 
less for the fending used on the 2-in. beams described here. There- 
fore it was felt that it was reasonable to compute the ultimate 
flexural stresses in the 2-in. beams by means of the flexure formula 
for a concentrated load. 

The moduli of rupture so computed, and recorded in Table 2, 
are on the average about 12 per cent greater than the moduli of 
rupture for the corresponding control beams with third-point loading, 
in Series la. However, for similar tests in Series 2a, where 6 beams 
each from a different batch were tested, the difference between the 
moduli of rupture for central loading and for third-point loading is 
27 per cent. But the average moduli of rupture for the 2-in. beams 
of the different series differ only by about 6 per cent. 

A major part of the differences between the two types of test 
may be ascribed to the fact that with third-point loading a relatively 
large part of the beam is subjected to maximum stress, and failure 
may occur at any point that is somewhat weaker than the neigh- 
boring material. With center loading the maximum stress exists 
over only a limited region. It was observed that all the 2-in. beams 
failed on a section through the load point whereas all the 1-in. by 1-in. 
control beams failed on some cross-section between the load points. 

Strain readings were taken on 31 cylinders. The stress-strain 
diagrams in compression were straight lines up to a unit stress of 
about 700 to 1000 Ib. per sq. in.; at this stress there was a slight 
departure from the linear relation. At failure the deviation in strain 
from a prolongation of the initial straight line stress-strain relation 
was from 10 to 20 per cent. The modulus of elasticity in compression 
was determined from the slope of the initial straight portion of the 
stress-strain curve. Values ranging from 853 000 lb. per sq. in. to 
1 027 000 Ib. per sq. in., were found, with an average of 923 000 
Ib. per sq. in. for all tests. No regular variation in modulus of 
elasticity with compressive strength could be determined. 

The cylinders generally failed with a crushing and sliding action 
on a conical surface near one end. If the loading was carried further, 
the end piece acted as a wedge and caused a longitudinal splitting 


*See, for example, S. Timoshenko, Theory of Elasticity, McGraw-Hill Book Company, New 
York, 1934, p. 95-104. 
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TABLE 3 


Untimate Loaps ror Circutar Conrrou Siass, Serres 14 
Slabs one inch thick, supported on 123%-in. diameter ring, centrally loaded on a 1-in. diameter circle 


eee nn nn 
Batch Number _ 23 32 40 47 48 54 
MWltima tio Lodd stl bie serectetets arctee ciel reeves meester he 432 469 443 450 427 431 
(arranged in order of magnitude for com- re Gs oe an ” ae 
LAS tee) 420 424 377 ae cate 402 
406 417 365 401 
381 406 350 390 
Average ultimate load for batch, lb............. 414 432 390 437 421 411 


Average ultimate load for series = 415 lb. 


*Ultimate loads reported are corrected for the slight variations in thickness at the center of the 
slab. The corrected load is taken as the actual load multiplied by the square of the nominal thickness 
(one inch), and divided by the square of the measured thickness. The measured thickness varied from 
0.993 in. to 1.035 in. . 


— 


of the remainder of the cylinder, but the maximum load was reached 
when the first failure took place. 

Measurements of longitudinal and lateral curvatures were made 
on seven l-in. by 1-in. control beams. Large increments of load 
were used in order to obtain large values of the curvature in order 
that Poisson’s ratio could be determined. There was apparently 
some slight deviation from a linear stress-strain relationship, but the 
deviation was less comparatively than for the compression test. 
Values of modulus of elasticity in flexure for the seven tests varied 
from 860 000 lb. per sq. in. to 1 149 000 lb. per sq. in., with an 
average of 991 000 lb. per sq. in. This value is about 7 per cent 
greater than the modulus in compression. Values of Poisson’s ratio, 
determined as the ratio of lateral to longitudinal curvature of the 


beams, varied from 0.15 to 0.26 for the seven tests, with an average 
of 0.20. 


9. Series 1. Circular Slabs—The simplest type of slab for which 
complete analytical results are available is the simply-suppotted 
circular slab with a central concentrated load. Since this type of 
specimen is easily manufactured and tested, and since the stress situa- 
tion in the region of the load point is similar to that under the load in 
most of the other slab tests, a number of tests of circular slabs were 
made as control tests during the progress of the investigation. 

The ultimate loads for these circular control slabs of Series 1a 
are reported in Table 3. The average breaking load for the 30 slabs 
tested in this series is 415 1b. The minimum load for all the specimens 
is 350 lb., which is 15.7 per cent less than the average, and the 
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TABLE 4 


-Uttrmatge Loaps ror CrrcuLar SLABS oF VARYING Tuickness, SERIES 1B 
Slabs supported on 12%¢-in. diameter ring, centrally loaded on a 1-in. diameter circle 


Se  ... .  —————————————eeeeeeeeeEEEEEEE—EeEeE 
Values of Corrected Ultimate Load,t Ib. 


Av. Load, 

Nominal Ib., 
Thickness Batch No. Corrected to 
in. a@ nominal 
= thickness of 
34 35 38 39 45 DeaAvonae| ce 
0.25 26 14* 29 28 31 27 28 44 

0.375 68 74 41* 63 62 64 66 468 
0.50 TT: 118 116 100 110 104 110 440 
0.625 165 186 182 168 163 172 173 443 
0.75 254 246 249 228 224 241 240 426 
1.00 446 445 419 475 429 426 440 440 
tar 694 659 643 602 646 542* 649 415 
1.50 999 948 785* 1058 927 1026 992 441 
2.00 1910 1915 1986 1918 2174 1948 1975 494 


*Not used in computing average. 
{The corrected load is taken as the actual load multiplied by the square of the nominal thickness 


and divided by the square of the measured thickness at the load point. 


TABLE 5 


ULTIMATE Loaps For CrrcuLAR SLABS WITH DIFFERENT TYPES OF APPLICATION 
or CentTrat Loapine, Serres 1c 


Slabs one inch thick supported on a 12 8%-in. diameter ring, with the following types of application 
of load at center of slab: 
1) 1-in. diameter circular area. 
(2) \4-in. diameter circular area. 
(3) 2-in. diameter circular area. 
(4) Ring, 1-in. outside diameter, 34-in. inside diameter. 
(5) Ring 4-in. diameter. 
(6) Three 14-in. diameter loaded areas grouped in an equilateral triangle, with 14-in. clear 
distance between areas. 


Values of Ultimate Load, lb. 


aype of Batch No. 
55 56 57 58 59 60 Average 
1 425 419 406 415 445 425 423 
2 379 352 406 419 389 387 389 
3 558 548 471 528 495 491 515 
4 461 447 451 445 443 461 452 
5 905 660* 860 955 910 810 888 
6 483 429 457 413 425 495 451 


*Not used in computing average. 


maximum load is 469 lb., which is 13.0 per cent more than the 
average. The total range between maximum and minimum is 28.7 


per cent of the average. 
The strength of the various specimens made from the same batch 


is more consistent than this. The total ranges between maximum 
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Fig. 7. TyprcaL SLABS OF Series 1A AFTER FAILURE 


and minimum for each of the batches in Table 3, expressed in terms 
of per cent of the batch average, are in the order tabulated: 12.3, 
14.6, 23.8, 6.6, 2.8, and 10.0. The average strengths for separate 
batches do not vary a great deal, the total range in average batch 
strength being only 11.3 per cent of the average strength of all the 
specimens. The figures reported here would be only slightly changed 
by the inclusion of the slab tests of similar specimens reported as’ 
part of Series 1b and le in Tables 4 and 5. 

Since theoretical considerations indicate that the maximum stress 
in a centrally-loaded circular slab varies almost directly as the 
reciprocal of the square of the thickness, a correction was made 
in the reported ultimate loads to take account of the slight variations 
in thickness of the slabs. This variation was very small and’ the 
corrections were practically negligible. None of the resulting average 
values are sensibly affected by the correction, but in some cases the 
range in values for a batch was improved. 

In all cases failure of the slabs was sudden and complete, the 
slab breaking into two, three, or four sectors bounded by radial 
cracks intersecting within the loaded area. In some cases a crack 
along a diameter of the load circle branched at each end into two 
nearly radial cracks just within the edge of the loaded area to give 
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Fic. 8. Ciose-up Virw or Fracturep SuRFACES IN A 2-IN. Tuick CrrcuLar SLAB 


four unequal pieces in the broken slab. A view of typical slabs after 
failure is shown in Fig. 7. . 

The slabs of Series 1b differed from those of Series la only in 
thickness, the manner of support and of loading being the same. The 
thickness ranged from 14 in. to 2 in. The results of the tests are 
reported in Table 4. The loads are in each case corrected to the 
nominal thickness of the particular group of slabs. The average 
load for each thickness is used for the comparative studies. Indi- 
vidual results agree well with the average; though the specimens are 
from different batches, the variation is no larger than between com- 
panion specimens of the same batch. The last column in Table 4 
indicates the justification for correcting the load to take account of 
variations in thickness of the slabs. Since the correction seems to 
apply over such a large range of thickness it is reasonable to make 
the corrections for the small range in thickness of the individual 
tests of a group. 

The manner of failure of these specimens was practically the same 
as that described for the preceding series of tests. A close-up view 
of one of the fractured surfaces in a thick slab is shown in Fig. 8, and 
is of some interest in indicating the texture of the material as well as 
the general nature of the fracture. 

The tests of Series le were intended to throw some light on the 
stresses due to a load distributed in different ways over a limited 
area. The different types of loading are described in Table 5 and 
the maximum loads are reported therein. The results are very con- 
sistent for each load type, and since each of the 6 companion speci- 
mens is from a different batch, the average ultimate load for each 
case would seem to be a fairly reliable measure of the strength of 
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Fic. 9. Typrcan Farnures oF CircuLar SLABS WITH 
Various Types or Loapep AREAS 


the slab for the particular type of loading. The significance of the 
test results for this group of tests is discussed in Section 13. 

A view of typical slabs after failure is shown in Fig. 9. The 
manner of failure is generally similar to that of the slabs of Series 14 
and 1b. It is noted that slab 551 was loaded through a 1-in. solid 
circular block, slab 552 through a 14-in. circular block and slab 606 
through a 2-in. circular block. Slab 574 was loaded through 3 closely 
spaced 14-in. diameter blocks, and slab 593 through a ring l%-in. 
thick and 1-in. in outside diameter. Slab 565 was loaded through a 
ring 4-in. in diameter made up in the same manner as the 123%-in. 
diameter supporting ring. 

In this series of tests, as well as in subsequent series, individual 
test results that were abnormally low were not used in computing 
averages when examinations disclosed any reason for the discrepancy, 
Damage to the specimens during curing, handling, or testing, and 
imperfections in the specimen, were sufficient reason for not using 


the test results. In all cases the results of such tests are reported 
but are suitably noted. 
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, TABLE 6 . 
Uxrtimatse Loaps ror REcTANGULAR Suass oF DirFERENT Wiptus, SERIES 2A 
Slabs one inch thick supported on two opposite edges on a 12-in. span, centrally loaded on a 1-in. 


diameter circle. 


Values of Corrected Ultimate Load,t lb. 


Width Batch No. 


in. 
14 15 25 26 41 42 Average 

2 95 87 96 98 86 92 

4 207 191 207 193 176 175 192 

6 250 251 278 280 248 253 260 

9 286 235 356 341 323 337 321 
12 378 331 393 279* 338 387 365 
18 380 347 454 453 366 416 403 
24 390 410 443 478 437 419 430 


*Not used in computing average. 
}The corrected load is taken as the actual load multiplied by the square of the nominal thickness 
and divided by the square of the measured thickness at the load point. 7 


10. Series 2. Rectangular Slabs Supported on Two Sides.—The 
slabs of Series 2a were all 1 in. thick, of 12-in. span, loaded at the 
center through a l-in. diameter circular block. The widths varied 
from 2 to 24in. The ultimate loads, corrected for the slight varia- 
tions in thickness at the load point, are reported in Table 6. The 
range in results for a group of tests is as high as 24 per cent of the 
average for the slabs of 18-in. width. The manner of variation of 
the average breaking load with the width of the slab indicates to 
some extent the degree of action of the specimen as a slab or as a 
beam and is discussed in Section 14. Failure of all the slabs occurred 
on a section parallel to the supported edges through the center of 
the load disk. In the wider slabs the crack sometimes tended to 
approach a corner near the edges of the slab, but always passed 
through the load. 

In Series 2b, in which the specimens were either 12 in or 2 in. 
wide, the load was applied midway between the unsupported edges 
at various distances from a support. The distance u (see Fig. 1) is 
measured from the center of the load block to the center of the 
support. Since the support is 44 in. wide and the load block 1 in. in 
diameter, the clear distance between the edge of the load block and 
the edge of the support is 0.75 in. less than wu. Values of the ultimate 
load for the 12-in. slabs and the 2-in. beams are reported in Table 7. 
To supplement Table 7 one may add the data from Table 6 for cen- 
trally-loaded 2-in. beams with an average ultimate load of 92 lb., 
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TABLE 7 


Uxtimate Loaps ror SQUARE SLABS WITH DIFFERENT POSITIONS 
or Loap, SERIES 2B 
Slabs 1-in. thick, 12-in. wide, supported on opposite edges on a 12-in. span, loaded on a 1-in. 
diameter circle on a center line at a distance u from the center of a support. Beams 1-in. thick, 2-in. 
wide, loaded in the same manner as the corresponding slabs. Supports 14-in. wide; overhang of slab 
or beam beyond support equals 14-in. 


Batch Ne. 16 27 43 Average 

u, in. Values of ultimate load on slab, Ib. 

0.75 | 824 741 828 824 806 770 799 
eres 560 426* 622 556 622 578 588 
3.0 479 447 441 402 443 425 440 

Values of ultimate load on beam, Ib. 

OLS 392 371 463 451 485 465 438 
1.75 197 195 219 197 204 200 202 
3.0 144 136 128 127 134 120 131 


*Not used in computing average. 


and for centrally-loaded 12-in. slabs with an average ultimate load 
of 365 lb. 

Views of typical slabs and beams after failure are shown in Fig. 10. 
For the 2-in. beams, in all cases, failure occurred on a section nearly 
tangent to or within the load block on the side toward the middle 
of the beam. This is very near the section of maximum moment. 
Consequently the tests indicate that even for the beams where the 
edge of the load block was tangent to a support, flexure and not shear 
governed the strength of the beam. For the slabs with positions of 
the load close to the support, failure was more violent and was 
accompanied by more complete destruction of the specimen. All 
slabs except those with u= 34 in. broke through the center of the 
loaded area with the crack normal to the span, indicating a maximum 
stress in the direction of the span. A few slabs having the load at 
u = 134 in. showed irregular cracks normal to the main cracks, as in 
slab 274, probably due to irregularities in the edge supports which 
permitted these cracks to form after the main cracking had started. 
The type of failure for the load at wu = 34 in. is shown by slabs 431 
and 432. Cracking took place in both directions through the center 
of the load, but the crack parallel to the support did not run to the 
free edges as in the other cases. Instead it broke out a segment to 
the near support, which in some cases was badly shattered. The 
other crack was in the direction of the span and indicates that the 
stress transverse to this direction may also be important, although 
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Fig. 10. Typrcau Farures or SquArRE SLABS AND 2-IN. BEAMS SUPPORTED 
oN Two EpcEs For VARIABLE Positions oF Loap 


it is not certain that this crack was due to primary rather than 
secondary failure. All the cracks were apparently due to tensile 
stresses, and no evidence of punching or shearing around the load 
was noticed. 

For the two positions of load nearest the support further tests 
were made in which the amount of overhang of the slab beyond the 
support, designated as 7, (see Fig. 1), varied from zero to 1.50 in. 
These tests are reported in Table 8. In the previous tests the over- 
hang was 0.25 in. The results appear to be consistent, and there 
seems to be little or no effect of overhang of the slabs on their 
strength except for the closest position of the load to the support, 
and practically no effect of overhang on the strength of the beams. 
The effect of the overhang on the manner of failure of the slabs is 
shown by Fig. 11. The lower group of slabs had no overhang and 
the upper group an overhang of 1.50 in. There is no effect of the 
overhang on the manner of failure of the beams. 


11. Series 3. Rectangular Slabs Supported on Four Sides.—The 
slabs of Series 3 were all 1 in. thick, and supported on all four sides. 
For Series 3a the slab spans were either 12 in. by 12 in. or 12 in. by 
18 in., and for Series 3b and 3c all the slabs were square with both 
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_ TABLE 8 


UxitmatTe Loaps ror. SQUARE SLABS WITH DIFFERENT AMOUNTS OF OVERHANG - 


Bryonp Support, SERIBS 2c 


Slabs 1-in. thick, 12-in. wide, supported on opposite edges on a 12-in. span, loaded on a 1-in. 
diameter circle on a center line at a distance wu from the center of a support. Beams 1-in. thick, 2-in. 
wide, loaded in the same manner as the corresponding slabs. Supports 14-in. wide, overhang of slab 
or beam beyond support equals 7. 


Batch No. 18 | 19 | 30 | 31 | 49 | 50 | Average 
u, in, J, in. Values of ultimate load on slab, lb. 
0.75 0.00 804 808 781 788 768 737 781 
1.50 849 835 833 775 900 898 848 
eras 0.00 683 570 580 540 593 578 591 
1.50 640 648 601 609 566 562 604 


Values of ultimate load on beam, lb. 


0.75 0.00 338* 421 467 427 398 457 434 
1.50 164* 463 471 461 433 368 439 
1.75 0.00 204 169 214 209 190 204 198 
1.50 178 212 222 176 185 212 198 


*Not used in computing average. 


TABLE 9 
Uttmmate Loaps ror CEenTRALLY LoapED RECTANGULAR SLABS SUPPORTED 
on Four Srmwzs, SERIES 3A AND 3B 


: Slabs 1-in. thick, supported on four sides, with short span of 12-in., loaded on a 1-in. diameter 
circle at the center of the slab. 


Values of Ultimate Load, Ib. 


Width of | Condition 


Slab of Batch No. 
in. Corners 
TT ——_§_§|_ | Average 
20 29 53 24 
12 held down | 433 433 414 
431 427 387 ae \ am 
18 held down | 451 (479) * 447 (459) * 408 (469) + f 
ADT aan 415  (477)¢ | 386 (364)* ; \ az 
12 free 517 
ane 
46 
459 467 
445 
435 


*Figures in parenthesis indicate second maximum load after initial failure. 


{A third maximum load after the initial and secondary fail btai i 
For gine epecimen indicated in batch No. 29 the third Sea Wed bead ee PAC 


aa ere Ne ee 


we fee ee 
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Fig. 11. TypicaL FAILURES OF SLABS WITH VARIABLE OVERHANG AT EDGE 


Fig. 12. Typrcay Fatrures oF RECTANGULAR SLABS SUPPORTED 
on Four EpGes AND LOADED AT THE CENTER 
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TaBLE 10 


Unttmate Loaps ror EccentricALLy LoADED SQUARE SLABS. SUPPORTED 
on Four SIpgEs, SERIES 3c 


Slabs 1-in. thick, 12-in. wide, supported on four sides with corners held down, loaded-on a 1-in. 
diameter circle at a point at a distance u from the center of one support and a distance v from the 
center of a perpendicular support. 


: Values of Ultimate Load, lb. 
Distance to Point 


of Loading 
ee Batch No. 
Average 
u v 21 22 36 37 51 52 
3 6 542 509 517 546 550 475 523 
3 3 552 481 554 505 556 562 535 
1.75 6 589 687 631 554 607 614 614 
1.75 3 752 685 644 593 733 674 680 
175 Lvo 773 622 659 605 799 715 696 


spans equal to 12 in. For Series 3a and 3b the load was centrally 
applied through a 1-in. circular block. For all except 3b the corners 
were held down by means of a framework over the corners. 

The results of the tests with a central load are reported in Table 9. 
The values in parentheses reported for the slabs of 18-in. width are 


SP Te eee ae Se eee 


the magnitudes of the second maximum load after initial failure of 


the slab had occurred. In some cases a third maximum load was 
reached after additional cracking had taken place. 

A view of typical failures for these slabs is shown in Fig. 12. 
The longitudinal crack in the rectangular slabs occurred first. After 
this crack developed, further loading was applied and a higher value 


reached before the other cracks appeared and the slab failed com-— 


pletely. In effect, each half of the slab remaining after the first 
crack was a narrow slab supported on three sides and having the 
corners held down, and the load on each half was approximately 
one-half of the total load. As such a slab, the strength was apparently 
somewhat greater than one-half that of the original specimen. The 
secondary failure occurred by cracking across the short direction of 
the slab. A few irregular cracks, as shown in slab 533, also developed 
at the final failure. The manner of holding down the corners pre- 
vented the slabs from flying out of position at failure, and in two 
cases permitted additional load to be added before general destruc- 
tion occurred. It is not felt that this third maximum load has any 
significance. There does not appear to be any difference in the 


manner of failure of the square slabs whether the corners are held 
down or are permitted to curl up. 
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Fig. 138. Typican Famures or Square Siass Loapep at DirrerENT Points 


For the tests of Series 3c the load position was varied. The 
results of the tests are given in Table 10, and a view of some of the 
slabs after failure is shown in Fig. 13. With the load on a center 
line of the slab, as in slabs 365 and 213, the first crack occurred in a 
direction normal to the center line on which the load was placed 
and the others developed later, after primary failure had occurred. 
For loads on a diagonal of the slab (slabs 515 and 371) the first 
erack occurred along the diagonal, and then the corners broke off 
the triangles that resulted from the first failure. The other cracks 
not passing through the load were due to the action of the load on 
the broken cantilever segments, for the corners were held down 
and the loads were still acting on these parts after the first failure 
occurred. As further evidence of the partial restraint of the edges, 
some of the slabs took higher loads after the first crack had formed, 
because the remaining pieces were still held in place quite rigidly 
by the corner forces. 


12. Series 4. Rectangular Slabs Supported at Corners——The six 
slabs of Series 4a were loaded at the center through a 1-in. circular 
block, and supported at the four corners on 1-in. blocks. ‘The tests 
were intended to give an indication of the effect an extreme condition 
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TABLE 11 
Untimatre Loaps ror SLABS SUPPORTED ON CorRNERS, SERIES 4 


Square slabs 1-in. thick supported or loaded at the corners at points 12. in. apart. For series 4a 
the load is applied on a 1-in. diameter circle at the center of the slab. For series 4b the load is applied 
equally on two diagonally opposite corners, and the load on one corner is reported. 


DS eee 


QOLIOR ater. ors oie ovale ee tehonct choles of lovetaieures east tts otfetehatel 4a 4b 
Batol NOs) aicisevartveusiarsoslcractetteateacter papers elepets tos 33 47 48 
timate: load, Jae arete<rateaeeei etorsietetetotoneleleteners 417 190 204 
Pee fe 387 181 194 
373 150* 178 
373 
313 
308 
Average load for batch, Ib...........-..+----- 362 186 192 
Average load for series, lb...........-..-2-055 362 189 


*Not used in computing average. 


of support could have on the stress under a concentrated load. There 
was a rather large spread in the results, the difference between the 
maximum and minimum loads being 30 per cent of the average, as 
shown in Table 11. Views of two of the slabs after failure are shown 
in Fig. 14. The manner of failure is not noticeably different from 
that of other rectangular slabs with continuous edge supports. 

The slabs of series 4b were supported on two diagonally opposite 
corners, held down at a third corner, and loaded at the fourth corner. 
All loads and reactions were equal and were applied through 1-in. 
circular blocks located in the enlarged corners of the slabs, as in» 
Fig. 14, where views of two of the broken slabs are shown. The 
slabs all failed on lines making angles of 45 degrees with the edges. 


Failure was sudden and rather violent because of the large deflec- 
tions of the slab. 


IV. Discussion f 


13. Effect of Depth of Slab and Manner of Distribution of Load.— 
The ordinary theory of flexure of slabs is based upon the following 
assumptions, similar to those upon which the ordinary theory of 
flexure of beams is based, namely: 

(1) The resultant of the normal stresses acting on any cross- 
section perpendicular to the plane of the slab is a pure couple, and 
the slab is loaded only by loads normal to its plane. 


(2) The slab is of constant thickness of homogeneous, elastic, 
isotropic material. 


ee eee eee ee 
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Fig. 14. TyprcaL FArLures or Square SLABS ON CorNER SUPPORTS 


(3) A straight line normal to the plane of the unloaded slab 
remains straight after the deflection due to the loading takes place. 

The derivations of the fundamental equations, based on these or 
equivalent assumptions, are available in a number of places in the 
literature.* 

For a simply supported circular slab of diameter a subjected to a 
central load uniformly distributed over a circular area of diameter c, 
the maximum fiber stress o, occurs under the center of the load, and 
according to the ordinary theory of flexure, the maximum stress is 
given by the formulat 


3(1 + d 1 a 1 — eC 
ae ( L) ( rates te Ml ) (1) 
27 ZENE ete C 1+u 4a 


where P is the total load, h is the thickness of the slab, and yp is 
Poisson’s ratio for the material. 


*For example: H. M. Westergaard, Computation of Stresses in Bridge Slabs Due to Wheel Loads, 


Public Roads, Vol. 11, No. 1, 1930, p. 1-23, see p. 2. 2am ; : 
. M. Westergaard and W. A. Slater, Moments and Stresses in Slabs, Proceedings American 
Concrete Institute, Vol. 17, 1921, p. 415-538, see p. 424. i 
A. Nadai, Die elastischen Platten, 1925, Julius Springer, Berlin, p. 18. : A 
+See, for example, F. B. Seely, ‘‘Advanced Mechanics of Materials,” 1932, John Wiley and Sons, 


New York, p. 158. The notation is different from that used in Equation (1) here. 
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From Equation (1) it is seen that, for constant values of the ratio 
of diameter of loaded area to diameter of slab, the stress is inversely 
proportional to the square of the thickness of the slab. This rela- 
tionship has been used to correct the actual breaking loads to the 
nominal thicknesses of the test slabs. 

For the circular slabs the diameter of the supporting ring, a, 
is 1234 in. For c = 1 in. and » = 0.20 Equation (1) becomes 


P 
o, = 1.918 oe (2) 


The ordinary theory of flexure is not valid in the neighborhood 
of a concentrated load, nor near an edge of the slab where the assump- 
tions upon which the ordinary theory is based are not fulfilled. By 
treating the problem of stresses under the load by the methods of 
the theory of elasticity, Nadai* obtained exact expressions for the 
maximum stresses under the load, which are mathematically quite 
complicated. Westergaardt expressed the results of this special 
theory in terms of the ordinary theory by considering the total load 
P to be distributed uniformly over the area of a fictitious circle of 
diameter c’ and then computing the maximum fiber stress under this 
area by the ordinary theory. The diameter of the fictitious loading 
area is determined in such a way that the stress found for it by the 
ordinary theory agrees with the stress under the actual loaded area 
of diameter c when found by the special theory. It was found that 


this fictitious diameter could be expressed with sufficient accuracy, * 


for values of c less than 3.45 h, by means of the formula 
C= 2/ 04EFR — 1.35h (3) 


For values of c greater than 3.45h, c’ may be taken equal toc. 
For the circular slabs of Series 1a the maximum stress computed 
by Equation (1), corresponding to the average breaking load of 
415 lb., is 796 lb. per sq. in. If the special theory of flexure is used, 
with Equation. (3) defining the fictitious diameter of loading, the 
maximum stress is found to be 792 lb. per sq. in. These values of 
the maximum stress in the circular slabs may be compared with the 
corresponding average values, for the same batches of plaster, of 


*A. Nadai, “Die elastischen Platten,” 1925, Julius Springer, Berlin, p. 30: 


8 
+H. M. Westergaard, ‘Stresses in Concrete P ; i is,” 
Pablic Roads)Vell 7. No.2, April, 1026p. ea oe Computed by Theoretical Analysis, 
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< TABLE 12 
STRESSES COMPUTED FoR ULTimaTE Loaps on CrrcuLAR SLABS OF SERIES 1B AND lo 


All slabs supported on 123¢-in. diameter ring, centrally loaded through a circular block 
——————————————————————————————SSSESE—— 


F ? Ratio of Maximum Maximum Reduction 
Saricaof ee of Thickness | Diameter of ate vey Stress by in Stress 
Tests oaded Area of Slab Loaded Area Mf Special by Special 
ts - . Theory of SD 
3 in. to Thickness Rlexare Theory Theory 
of Slab Ibe per sq. in- Ib. per sq. in. | 1b. per sq. in. 
1b 1.0 0.25 4.00 859 859 
1c0 0.375 2.67 900 910 - 0 
1.0 0.50 2.00 844 860 — 16 
1.0 0.625 1.60 850 867 -— 17 
1.0 0.75 1.33 818 831 -— 13 
1.0 1.00 1.00 844 840 4 
420 1225 0.80 797 770 ai 
1.0 1.50 0.67 845 793 52 
1.0 2.00 0.50 947 834 113 
le 1g 1.00 0.33 991 828 163 
i 1.00 1.00 811 807 4 
Z 1.00 2.00 782 802 — 20 
Average 833 


701 lb. per sq. in. for modulus of rupture of the control beams (re- 
ported in Table 1) and 782 lb. per sq. in. for maximum stress in the 
2-in. beams (reported in Table 2). A good agreement is obtained 
between the average maximum stresses in the circular slabs and in 
the 2-in. beams. 

Stresses for the loads producing failure have been computed for 
the circular slabs of Series 1b and for some of the slabs of Series 1c, 
by means of the ordinary theory of flexure and by means of the 
special theory, from the average breaking loads reported in Tables 
4 and 5. The ultimate stresses are given in Table 12. The ordinary 
theory seems to be adequate except where the diameter of the loading 
block is less than about one-half of the depth of the slab. In other 
words, the special theory appears to be necessary only for highly 
concentrated loads. The ultimate stresses computed by the special 
theory are very consistent over the whole range of tests, with a 
range from maximum to minimum values of 16.8 per cent of the 
average. The average strength, 833 lb. per sq. in., compares favorably 
with the average strength of the circular control slabs previously 
reported. 

In Table 5, load types 1, 4, and 6 refer to loads distributed in 
very different ways over practically the same area. In type 1 the 
load is very nearly uniformly distributed over a 1-in. circle; in type 4 
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the load is concentrated at the circumference of a 1-in. circle; and 
in type 3 the load is applied at three points centered at the vertices 
of an equilateral triangle 24 in. on a side. The average ultimate 
loads for these three different load distributions are in the relative 
proportions of 1.000, 1.069, and 1.066, respectively. If load types 2 
and 3 are included in the comparison, the relative values of ultimate 
load compared to a 1-in. disk are 0.920 and 1.217 for the }4-in. and 
the 2-in. disk respectively. This is qualitative evidence that the 
maximum tensile stress under the load is nearly independent of the 
manner in which the load is distributed over the surface, provided 
it covers about the same size of area in each case. 

Load types 4 and 5 in Table 5 are ring loads. Formulas based on 
the ordinary theory of flexure of slabs are given by Timoshenko* for 
the deflection of a simply supported circular slab with a load dis- 
tributed uniformly along a circular ring interior to the support. One 
may compute from these formulas the maximum bending moments 
in the slab. One finds the result that the bending moment within 
the ring of loading is constant in all directions at all points, and the 
maximum flexural stress o within the ring has the value: 


aD Pe ee be 
et eee e's lag pape. 
i; Qn i> [oe b beet )| (4) 


where P is the total load, a is the diameter of the slab, and b is the 
diameter of the loaded ring. 


By means of Equation (4) maximum stresses have been computed _ 


for the average breaking loads for load types 4 and 5 of Table 5” 
The computed values are, respectively, 772 and 726 lb. per sq. in. 
These stresses are somewhat lower than for the other types of loading. 
An explanation is possible in the case of the 4-in. ring, where a large 
area of the slab is under a uniform bending moment acting in every 
direction, and failure will occur at any spot that happens to be some- 
what weaker than the rest. The same trend is noticed in a comparison 
of the strengths of 2-in. beams with center loading, and the control 
beams loaded at the third points. It is noted that the ultimate 
stress in the slabs, from the same series of tests, with a concentrated 
center loading, is 807 lb. per sq. in., which is 11 per cent greater than 
the nominal ultimate stress in the slab loaded on a 4-in. ring. 


*S. Timoshenko, “‘Strength of Materials,” Part IT 
D. Van Nostrand Company, New York, p. 501, equations lend need pirat Amadeo 
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\A 
COMVOUTED 
Value for 
ntittely 
Wale Slak, 
F2/ /b. 


° -Average of 6 Teszs 
x -Maxiinutn and Mititnui Test Results 
Sean of Slab=l2itz. Depth of Slab = 112, 
load applied at cerrter of slab over 
li. Aarmeter circular area. 


Wtimate Load or Slal je FPourids 


4 ¢Z fof 12 (6 20 ZF Ze 
Width of Slab tre (riches : 


Fig. 15. Errecr on Maximum Center Loap or WiptH or RecTrANGULAR 
Stas SupporTED ON Two Epczs 


14. Effect of Shape of Slab and Type of Support for Load at 
Center.—The values of ultimate load reported in Table 6 for rectangu- 
lar slabs of different widths supported on two edges are plotted in 
Fig. 15.“ The lowest and highest loads of each group, as well as the 
average load, are shown as indications of the probable reliability of 
the average values. The curve shows the transition between the 
action of the specimen as a beam and as a slab. As the width in- 
creases the strength increases in an almost linear relation at first, 
and then increases more slowly for the wider slabs. The curve 
approaches the strength of the slab of infinite width as an upper limit. 

For the lower part of the curve where the strength is proportional 
to the width, it appears that the full width of the slab participates 
equally in resisting the moment. That is, when the specimen is 
narrow it acts as a beam, and the stress may then be computed as 
in a beam from the flexure formula. Assuming the load as concen- 
trated, one finds the values for the average ultimate strength of the 
2-in. and 4-in. specimens, respectively, as 828 and 864 lb. per sq. in. 
For widths of slab greater than about 4 to 6 in. it appears, from Fig. 
15, that somewhat less than the full width of the slab acts with full 
effectiveness in resisting the moment due to the loading. One may 
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TasBLeE 13 
RELATIVE STRENGTHS oF VaRIoUS TYPES OF SLAB WITH CENTRAL Loap 
All slabs 1-in. thick, loaded at center through 1-in. circular block 
Oe ee eee 
Shape of Slab Ratio of 


Average Ratio of Ultimate J 
Ultimate Loads to Ultimate Moduli of 


Type of Support Load Load on Circular Hep ie 
Width Span Ib. Control Slabs miele 
in. in. 
Circular yy en liereiee ei eiteleetete 415 1.00 _ 1.00 
12 12 2 sides supported 365 0.88 0.93 
18 12 as 403 0.97 0.93 
24 12 a 430 1.04 0.93 
12 12 4 sides supported 421 1.01 0.94 
corners held down 
18 12 = 422 1.02 0.94 
12 a2 4 sides supported 467 1.13 0.98 
corners free 


12 12 Support at 362 0.87 1.04 
_corners only : 


say, for the specimens tested here, that when the width is greater 
than about 6 in. the specimen acts as a slab and not as a beam. 

Calculations of ultimate stresses in the 12-in., 18-in., and 24-in. 
slabs have been made by methods indicated by Westergaard* and 
Holl.j The procedures are too involved to be reported here. The 
results ob¢ained for the maximum stresses, under the load, are as 
follows: for the 12-in. slabs, 865 lb. per sq. in.; for the 18-in. slabs, 
841 lb. per sq. in.; and for the 24-in. slabs, 884 lb. persq.in. Including 
the ultimate stresses of 828 and 864 lb. per sq. in. for the 2-in. and 
4-in. specimens, one finds that the average for all these stresses com- 
puted from the ultimate loads is 856 lb. per sq. in. This corresponds™ 
to a computed ultimate load of 421 lb. on a slab infinitely wide, as 
indicated in the figure. 

It is of interest to compare the ultimate loads for the various 
types of slabs with central loading. Such a comparison is made in 
Table 13 where the ratio of the ultimate load for the particular group 
of slabs to the ultimate load for the circular control slabs is given. 
Only those slabs that were loaded at the center through a 1-in. 
circular block are considered. The results, neglecting the variations 
in the moduli of rupture of the control beams, range from 87 to 113 
per cent of the strength of the circular control slabs. This small 


*H. M. Westergaard, ‘‘Computation of Str in Bridge Slabs D i 
Roads all Neate ose es esses in Bridge Slabs Due to Wheel Loads,’’ Public 


D. L. Holl, “Analysis of Thin Rectangular Plates § ted O i ” 
Iowa Engineering Experiment Station, 1936. ee p. 31-39. didemaet tka anime 


—— “ee 
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range in strength seems rather remarkable in view of the wide range 
of supporting conditions included in the comparison. 

It is difficult to understand why the 12-in. by 12-in. slabs sup- 
ported on four sides with the corners held down were weaker than 
the corresponding slabs with the corners free to lift up. It is possi- 
ble that the manner of holding down the corners of the square slabs 
caused an unusual stress condition. This suspicion is borne out to some 
extent by the results of the tests on the 12-in. by 18-in. slabs of the 
same series. These rectangular slabs failed at practically the same 
average load as the square slabs, whereas analysis indicates a relative 
maximum stress in the rectangular slab 11.6 per cent higher than the 
maximum stress in the square slab. 

It may be of interest to explain the reason for there being no 
regular pattern or direction of cracks in the square slabs supported 
on four sides or on four corners. From symmetry the bending 
moments at the center of the slab in each of two rectangular direc- 
tions are equal, and the twisting moments are zero at the center. 
Therefore statics requires that the bending moments at the center 
be equal in all directions. The state of stress under the load in these 
cases is the same as in the circular slabs. 


15. Effect of Position of Load on Slabs Supported on Two Sides.— 
From Tables 6 and 7 may be obtained data regarding the strength 
of square slabs simply supported on two opposite sides, and of 2-in. 
beams, for different positions of a concentrated load along the center 
line. For both beams and slabs, tension under the load in the 
direction of the span appeared to be the critical stress. 

Stresses may be computed by statics for the 2-in. beams, assuming 
the stress to be uniformly distributed over the width of the beam. 
Since the loads are actually distributed over the 1-in. loading block, 
the maximum moment will be found at some point between the 
center and the edge of the block nearest the center of the beam, 
depending on the load position. The maximum moment for a uni- 
formly distributed load is from 3.7 to 4.0 per cent less than the value 
computed on the basis of a concentrated load. Since the ratio of 
the moment for the load considered as uniformly distributed to the 
moment for the load assumed to be concentrated, is so constant for 
different load positions, and since the actual manner of distribution 
of load over the bearing block is indeterminate, the stresses are com- 
puted by the flexure formula on the basis of a concentrated load at 
the center of the loading block. The following stresses are deter- 
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mined from the maximum loads on the 2-in beams reported in 
Tables 6 and 7: 


See ee 
_—————————————— 


Position of Load, Average Flexural Stress 
Distance from Support under Load 
in. Ib. per sq. in. 
6.0 (center of beam) 828 
3.0 885 
i is 905 
0.75 925 
Average...... 886 


It is noted that for the specimens loaded at-the center the plaster 
came from different batches than for the other specimens. 

There seems to be only a slight increase in flexural strength, 
when the stress is computed by the ordinary theory of flexure, as 
the load approaches the support. For the load position closest to 
the support the nominal maximum shearing stress at failure, com- 
puted from the ordinary theory with a parabolic distribution of 
shear over the cross-section, is 308 lb. per sq. in. The shearing 
stress did not seem to have much influence on the manner of failure, 
as there was no evidence of failure in diagonal tension. 

The average ultimate flexural stress of 886 lb. per sq. in. for the 
2-in. beams corresponds to an ultimate moment of 295.3 in. lb. ac- 


cording to the flexure formula. Assuming that the ultimate loads . 


in Tables 6 and 7, for loads at various positions on the 2-in. beams, ~ 
correspond to an ultimate moment of 295.3 in. lb., one may compute 
values of maximum moment for a load of 1 lb. at the various positions. 
A maximum moment curve so computed is given in Fig. 16. The 
solid line is the maximum moment given by statics for a concentrated 
load, and is a parabola. The maximum and minimum values are 
shown for each load position. The points fit the curve fairly well, 
which is an indication that for the beams the flexural stress governs 
the strength. 

With the same value for the ultimate flexural strength, namely 
886 lb. per sq. in., the corresponding ultimate moment in a slab is 
147.7 in. lb. per in., or merely 147.7 lb. For such an ultimate mo- 
ment the maximum moments in the 12-in. slabs due to a load of 
1 lb. have been computed from the data of Tables 6 and 7, and 
are shown in Fig. 17. The points shown as small circles were ob- 
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tained from the average loads, and the other points were deter- 
mined from the maximum and minimum loads for each load position. 
It is noted that for a center load the theoretical value of the maxi- 
mum moment is 0.394 lb. for a 1 lb. load. No other theoretical 
values were computed. The curve shown in Fig. 17 is drawn through 


the plotted points as closely as possible. 
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TABLE 14 
ComputEep STRESSES FOR RECTANGULAR SLABS SUPPORTED ON Four SIDES 
with Loap ON A CENTER LINE 
The ultimate loads on the slabs are reported in Tables 9 and 10 


Theoretical Maximum Stress Computed Maximum Stress 
for a Load of 1 lb. for Average Ultimate Load 
am Ib. per sq. in. Ib. per sq- in. 
Position of 
Load; Distance 
mhepe on Pae ey ene In direction of In direction of 
in. Nei In transverse aa In transverse 
line on which direction line on which direction 
load is placed load is placed 
12-in. by 18-in. 6.0 1.946 1.691 821 714 
12-in. by 12-in. 6.0 1.744 1.744 734 734 
SO) 1.678 1.504 878 787 
1.75 1.488 1.200 914 737 
Average 837 


16. Effect of Position of Load on Slabs Supported on Four Sides.— 
The procedure suggested by Westergaard* may be used to compute 
the theoretical values of moments under the load in a square or 
rectangular slab, supported on four sides with corners held down, 
due to a load on a center line. The stresses computed by Wester- 
gaard’s method are given in Table 14 for some of the rectangular 
slabs of Series 3a and 3c, for unit loads and for the average ultimate 
loads observed in the tests. 

It has been mentioned before that the strength of the 12-in. by 
12-in. slabs loaded at the center is low compared with other tests. 
This is borne out by the stresses recorded in Table 14. As in the 
tests discussed in the preceding section, the stress at failure seems 
to increase as the load approaches a support. The average stress 
at failure, for the tests for which computations were made, is 837 
Ib. per sq. in. 

With this value as a measure of the strength of the plaster for 
this series of tests, values of moment in the slab for the various 
load positions were computed. The moment corresponding to a 
stress of 837 lb. per sq. in., namely, 139.5 in. Ib. per in. (or simply 
139.5 Ib.), is taken as the maximum moment developed in the slabs. 
This quantity divided by the loads causing failure gives a coefficient 
which may be interpreted as the maximum moment due to a unit 


*H. M. Westergaard, ‘“‘Computation of Stresses in Bridge Slabs Due to Wheel Loads,’”’ Public 
Roads, Vol. 11, No. 1, March 1930, p. 1-23. See especially Table 1, p. 9, for the moments under a 
circular loaded area on an infinitely long slab; p. 17 and 19 for the method of combining loads on an 
infinitely long slab to obtain a solution for a rectangular slab; and Table 5, p. 14, for numerical coeffi- 


cients for bending and twisting moments in an infinitely long slab. Note that Westergaard’s values 
are given for Poisson’s Ratio np = 0.15. 
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TABLE 15 
VaLurEs oF Maximum Moment For Various Positions or Unit Loap 
on SquaRE Stas Supported on Four SipEs 


Values computed from the average ultimate loads reported in Tables 9 i i 
a and 10, 
Be ee a - daa stress of 837 lb. per sq. in. computed in Table 14, pomenontine pe cote 


S————eooos=$<=Ooawoowo0S=$=$qaoom SSS 


Position of Load 


year pee) Moment. Pivcetas of Max. 
Distance from Distance from SERS nara rr ae pment from 
Near Support Pespendieular Support in. lb. per in. Crack Pattern 

in. in. 

6.0 6.0 0.331 variable 

3.0 6.0 0.267 along center line 

3.0 3.0 0.261 across diagonal 

175 6.0 0.227 along center line 

1.75 3. 0. 0.205 nearly across diagonal 

Laz p IE 0.200 across diagonal 


load of one lb. at the various load positions. These coefficients are 
tabulated in Table 15. 

It appears, from Table 15 or from Table 10, that the position 
of the load relative to the nearest support controls the magnitude 
of the moment under the load, or the strength of the slab. The 
stress, or strength, does not change materially with a variation in 
distance to the perpendicular support. 

The maximum moments in the square slab for different positions 
of a 1 lb. load along the center line are shown in Fig. 18. The points 
shown as small circles were obtained from Table 15. The points 
denoted by crosses were computed from the maximum and minimum 
loads for each group of tests reported in Table 10. The solid line 
shows the computed theoretical curve. There are not sufficient tests 
to indicate any trend in the results, but it is apparent that the 
experimental results agree with the theory, except for center loading, 
where there is the discrepancy previously mentioned. 

It is of interest to compare Figs. 17 and 18. The moments under 
the load are smaller where the slab is supported on four sides, but 
the difference between the two curves becomes less as the load ap- 
proaches a support, which is reasonable. For loads at a distance of 
1.75 in. from a support the ultimate load for the slab supported on 
four sides is only 4.4 per cent greater than for the slab supported 
on two sides, while for loads at a distance of 3 in. from a support 
the difference is 18.9 per cent. 

The differences between the experimental and the theoretical 
results are in no sense an indication that the analysis is faulty. 
Instead, they emphasize the importance of achieving in the tests the 
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exact conditions assumed by the analysis if the two are to agree. 
The uncertainty in the true location of the center lines of the sup- 
port could produce some change in the moments, and the friction 
in the support combined with the manner of holding down the corners 
gave a partially restrained edge condition instead of the assumed 
simple supports. These conditions would have the effect, generally, 
of reducing the moment in the slab. It should be pointed out that 
in structures in service, the conditions at the supports of slabs are 
even further removed from the ideal conditions of the analysis. 


17. Effect of Overhang of Slab at Support.—The data reported in 
Tables 7 and 8 enable a comparison to be made of the ultimate 
loads on slabs and 2-in. beams for two load positions on the center 
line near a supported edge. In the first case, the edge of the loaded 
area nearest the support is 1 in. away from the inside face of the 
reaction bearing blocks, while in the second case it is directly over 
this edge of the support. The overhang for the slabs and beams 
reported in Table 7 is 0.25 in., which is intermediate to the extreme 
values of Table 8. 

The effect of the presence of the extra material beyond the sup- 
ports may be seen by comparing the average ultimate loads for each 
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case. For the beams there is no effect; failure occurred at practically 
the same loads for all conditions of overhang. There is no influence, 
apparently, on the type of failure in the beams, for in every case 
(see Fig. 11) the crack occurred at the inside edge of the loaded 
area regardless of the amount of overhang. 

The effect of overhang was found to be slight in the slabs for a 
load at 134 in. from the support. However, where the loading block 
was tangent to the support (w = 0.75 in.), the strength of the slabs, 
as measured by the average ultimate loads, is 781 lb. for no over- 
hang, 799 lb. for 14-in. overhang, and 848 lb. for 114-in. overhang. 
The latter value is 67 lb. or 8.6 per cent greater than the strength 
for no overhang. 

The material beyond the face of the support can exert an ap- 
preciable restraint on the edge of the slab due to its resistance to 
twisting. However, this resistance is called into action only when 
there is a relatively large twist (or rate of change of slope normal to 
the line of support with respect to distance along the support), as 
in the case where a concentrated load is very close to the support. 
In a beam the twist is negligible and this sort of restraining effect 
of overhang must be extremely small. It should be pointed out, 
however, that even in a beam there is an effect of the overhang on 
the distribution of shearing stress over the section at or near a 
support. In these tests the failure of the slabs and beams apparently 
was not influenced by the shearing stress, but was controlled by 
the flexural stress. 


18. Strength of Plaster in Biaxial Flexure.—The slabs of Series 4b 
were tested in order to determine the effect of an extreme stress 
situation on the strength of the plaster in flexure. For these tests, 
where two diagonally opposite corners were subjected to downward 
forces P, and the other two corners subjected to upward reactions P, 
the principal moments are in the diagonal directions and are each 
equal in magnitude over the whole slab to 14 P, but are opposite in 
sign to each other.* The flexural stresses are, therefore, equal 
tensions and compressions at right angles to each other. 

These slabs all failed on lines at 45 degrees with the edges, normal 
to the direction of the tensile stresses. Projections on the corners 
were required to furnish a space on which to apply the load, and 
although they produced some disturbance in the stress situation near 
the corners, the stresses there were decreased from the average in 


*See, for example, A. Nadai, Die elastischen Platten, Julius Springer, Berlin, 1925, p. 39-45. 
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the main part of the slab. A slight concentration of stress might 
be expected in the vicinity of the fillets on these projections, but 
since the failure occurred in the regions away from the corners it 
may be assumed that the concentration was negligible and that the 
load at failure gave a true measure of the stress. The average stress 
at failure was 567 lb. per sq. in., computed by the flexure formula 
for the moment corresponding to the average ultimate load of 189 lb. 
reported in Table 11. 

This stress is by far the lowest for any group of tests made with 
the material. In this connection, however, it should be pointed out 
that the area under stress is relatively the largest of all the types of 
specimen tested. There is considerable indication that the relative — 
amount of material that is highly stressed is important. One need 
only recall that the average strength of control beams loaded at the 
third points (with a length of constant stress equal to 44 the length 
of the beam) was only 682 lb. per sq. in., while the strength of various 
2-in. and 4-in. beams loaded at the center ranged from 782 to 864 
lb. per sq. in. for different groups of tests. Further, the circular 
slabs with central loading failed at average stresses of 792 lb. per 
sq. in. for the control slabs, and 833 lb. per sq. in. for the slabs of 
Series 1b and 1c, while corresponding slabs loaded through a ring of 
diameter equal to 14 the span, failed at an average stress of 726 
lb. per sq. in. It is noted that this latter value does not differ greatly 
from the modulus of rupture of the control beams. 

From the data of this investigation, it appears that failure of 
plaster in flexure, when both principal stresses are tension, is governed 
by the maximum stress when the same relative quantity of material 
is subjected to high stress. The strength is no greater for uniform 
tensile stress in two directions than for uni-directional tension. There 
seems to be some reduction in strength when one of the principal 
stresses 1s a compression and the other a tension. Just how much 
this reduction may be is not certain. The data reported here are 
not sufficient to determine it, since the strengths reported are affected 
to an indeterminate extent by the relative amount of material that 
is highly stressed as well as by the degree of stress concentration. 

Unfortunately the control beams did not appear to give a good 
measure of the strength of the material in the slab tests. There 
was a considerable difference between the strengths of the control 
beams for the various batches and the strengths of the slabs subjected 
to central concentrated loads. It is felt that this difference is due 
mainly to the effect of the relatively large quantity of material under 
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high stress in the control beams. The 2-in. beams with center 
loading appeared to give a much more reliable index of the slab 
strengths for comparable loading conditions. 


V. SIGNIFICANCE OF TrEsT ReEsuLts 


19. Remarks on Use of Plaster-Model Method.—The plaster-model 
method affords a comparatively simple and inexpensive means of 
obtaining an approximate value of the maximum tensile stress 
existing in slabs as long as the behavior of the slab is elastic or 
nearly so. In those cases in this bulletin where the stresses have 
been computed by the mathematical theory of elasticity a fairly good 
agreement has been found to exist between the theory and:the results 
of the tests reported. The material may be handled readily and 
specimens of any sort may be cast conveniently to the proper shape 
or may be machined from a rough block. 

Although tests of beams give nearly straight stress-strain diagrams 
up to the point of failure in tension, some yielding and readjustment 
seems to take place in a region of high stress concentration. The 
material does not act according to a maximum stress theory of 
failure in all cases of loading, but apparently does fail at a fairly 
definite limiting tensile stress in flexure for comparable relative 
volumes of material subjected to high stress. The strength in regions 
of high local stresses apparently is affected by the surrounding mass 
of material in a way not indicated by the usual control tests. If 
the stresses are not highly localized, this effect is not serious, and 
the maximum load on the plaster specimen will give a reasonably 
accurate measure of the magnitude of the maximum stress. Several 
companion specimens are required for each test; six were used here, 
and the use of fewer than this number would not be advisable if 
the results are to be used for quantitative studies. 

Testing equipment of a simple nature is all that is required in 
most cases, and the work may be done rather rapidly. However a 
complete program of control tests is of primary importance. The 
stress situation in the control specimens should represent that of the 
test specimen as closely as possible. It also appears necessary that 
the control specimen have about the same relative quantity of 
material subjected: to high stress as the test specimen if it is desired 
to determine stresses in the test specimen for given loads. 

A dense plaster with practically no bubbles or visible air voids 
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may be obtained by the application of high frequency vibration 
during the mixing of the material. 


20. Summary.—The results reported herein are not to be taken 
as measures of the ultimate strength of slabs or plates made of metal 
or of reinforced concrete. The results do throw some light on the 
stresses in such slabs at loads under which the material behaves more 
or less as an elastic material—that is, at working loads. The fol- 
lowing conclusions appear to be indicated from the experiments 
described and from the available analytical studies: 

(1) The ordinary theory of flexure of slabs appears to be adequate 
when the load is distributed over an area of diameter or width equal 
to or greater than the depth of the slab. For more highly concen- 
trated loads a special theory, taking into account the non-linear 
distribution of flexural stress near the load, must be used. 

(2) The tensile stresses under the load are to a considerable ex- 
tent independent of the manner in which the load is distributed 
over the area of application, particularly when the diameter of the 
loaded area is not greater than the depth of the slab. If the area 
loaded is about of the same size each time, tests show that the load 
may be applied either over the whole area, over a ring, or on three 
separate points, and still give substantially the same load at failure, 
provided the other conditions are not changed. This means that 
the stress under the load is about the same in each case,.even for 
such extreme types of loading as these, and indicates that the usual 
cases of slight variations in bearing pressure over the area will not 
produce serious differences in the maximum tensile stress from the 
value computed on the assumption of uniform pressure distribution. 

(3) When the load is in the central portion of the slab, the type 
of support at the edges does not have an important effect on the 
stresses in the vicinity of the load. The relative sizes of loaded 
area and slab thickness are much more important in their effect on 
the stresses than the manner in which the edges of the slab are 
supported. 

(4) The maximum moments in a slab due to a concentrated load 
do not decrease as rapidly as in a beam when the load approaches a 
support. This means that flexural stresses due to concentrated 
loads near a support may be important in a slab whereas they are 
negligible in a beam. 

(5) Studies of the cases of variable load position on the square 
slabs indicate that even when the load is quite near the support, 
the tensile stresses under the load are the important ones for plaster. 
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Since concrete has about the same ratio of tensile to compressive 
strength and tensile to shearing strength as has plaster, cracking 


_ would occur under the load in a concrete slab before there would 


be any danger of other types of failure such as a shear failure. 
For loads near a support, cracking would occur first in a direction 
parallel to the support; and subsequently, secondary cracking in a 
direction at right angles to the support might be expected. 

(6) Overhang of a slab beyond the support has some effect on 
the stresses under the load when the load is quite near the supported 
edge of the slab. It permits a redistribution of twisting moments, 
hence a change in the distribution of reaction along the edge, and a 
decrease in the stress under the load. 


RECENT PUBLICATIONS OF 
THE ENGINEERING EXPERIMENT STATION} 


Bulletin No. 283. A Study of the Reactions of Various Inorgani i 

Salts ie sutcae Sine pe Pes - Frederick G. Straub. Tey ne aes 
sulletin No. . Oxidation an ss of Weight of Clay Bodi i iri 

by Soa es ete Fifty cents. : ee ee 
ulletin No. . Possible Recovery of Coal from Waste at Illinoi i 

Cloyde M. Smith and David R. Mitchell. 1936. Fifty cents. ae eee 

Bulletin No. 286. Analysis of Flow in Networks of Conduits or Conductors 
by Hardy Cross. 1936. Thirty-five cents. 

Circular No. 26. Papers Presented at the First Annual Conference on Air 
Conditioning, Held at the University of Illinois, May 4 and 5, 1936. Fifty cents. 

_ Reprint No. 6. Electro-Organic Chemical Preparations, by 8. Swann, Jr. 1936. 
Thirty-five cents. 

_ Reprint No. 7. Papers Presented at the Second Annual Short Course in Coal 
Utilization, Held at the University of Illinois, June 11, 12, and 13, 1935. 1936. 
None available. 

Bulletin No. 287, The Biologic Digestion of Garbage with Sewage Sludge, by 
Harold E. Babbitt, Benn J. Leland, and Fenner H. Whitley, Jr. 1936. One dollar. 
_ _ eprint No. 8. Second Progress Report of the Joint Investigation of Fissures 
in Railroad Rails, by Herbert F. Moore. 1936. Fifteen cents. 

Reprint No. 9. Correlation Between Metallography and Mechanical Testing, 
by Herbert F. Moore. 1936. Twenty cents. 

_ Circular No. 27. Papers Presented at the Twenty-third Annual Conference on 
Highway Engineering, Held at the University of Illinois, Feb. 26-28, 1936. 1936. 
Fifty cents. 

Bulletin No. 288. An Investigation of Relative Stresses in Solid Spur Gears by 
the Photoelastic Method, by Paul H. Black. 1936. Forty cents. 

Bulletin No. 289. The Use of an Elbow in a Pipe Line for Determining the Rate 
of Flow in the Pipe, by Wallace M. Lansford. 1936. Forty cents. 

Bulletin No. 290. Investigation of Summer Cooling in the Warm-Air Heating 
Research Residence, by Alonzo P. Kratz, Maurice K. Fahnestock, and Seichi Konzo. 
1937. One dollar. 

Bulletin No. 291. Flexural Vibrations of Piezoelectric Quartz Bars and Plates, 
by J. Tykocinski Tykociner and Marion W. Woodruff. 1937. Forty cents. 

Reprint No. 10. Heat Transfer in Evaporation and Condensation, by Max 
Jakob. 1937. Thirty-five cents. 

Circular No. 28. An Investigation of Student Study Lighting, by John O. 
Kraehenbuehl. 1937. Forty cents. 

Circular No. 29. Problems in Building Illumination, by John O. Kraehenbuehl. 
1937. Thirty-five cents. 

Bulletin No. 292. Tests of Steel Columns; Thin Cylindrical Shells; Laced 
Channels; Angles, by Wilbur M. Wilson. 1937. Fifty cents. 

Bulletin No. 293. The Combined Effect of Corrosion and Stress Concentration 
at Holes and Fillets in Steel Specimens Subjected to Reversed Torsional Stresses, 
by Thomas J. Dolan. 1937. Fifty cents. 

Bulletin No. 294. Tests of Strength Properties cf Chilled Car Wheels, by 
Frank E. Richart, Rex L. Brown, and Paul G. Jones. 1937. Highty-five cents. 

Bulletin No. 295. Tests of Thin Hemispherical Shells Subjected to Internal 
Hydrostatic Pressure, by Wilbur M. Wilson and Joseph Marin. 1937. Tharty cents. 

Circular No. 30. Papers Presented at the Twenty-fourth Annual Conference on 
Highway Engineering, Held at the University of Illinois, March 3-5, 1937. 1937. 
None available. Q dine: ok: 

Reprint No. 11. Third Progress Report of the Joint Investigation of Fissures 
in Railroad Rails, by H. F. Moore. 1937. Fifteen cents. te 

Bulletin No. 296. Magnitude and Frequency of Floods on Illinois Streams, by 
George W. Pickels. 1937. Seventy cents. 


+Copies of the complete list of publications can be obtained without charge by addressing the 


Engineering Experiment Station, Urbana, 


55 


56 ILLINOIS ENGINEERING EXPERIMENT STATION 


. Bulletin No. 297. Ventilation Characteristics of Some Illinois Mines, by Cloyde — 
M. Smith. 1937. Seventy cents. p ’ 

Bulletin No. 298. Resistance to Heat Checking of Chilled Iron Car Wheels, 
and Strains Developed Under Long-Continued Application of Brake Shoes, by 
Edward C. Schmidt and Herman J. Schrader. 1937. Fifty-five cents. , 

Bulletin No. 299. Solution of Electrical Networks by Successive Approxima- 
tions, by Laurence L. Smith. 1937. Forty-five cents. é + 

Circular No. 31. Papers Presented at the Short Course in Coal Utilization, 
Held at the University of Illinois, May 25-27, 1937. 1938. None available. _ 

Bulletin No. 300. Pressure Losses Resulting from Changes in Cross-Sectional 
Area in Air Ducts, by Alonzo P. Kratz and Julian R. Fellows. 1938. Sizty-five cents. 

Bulletin No. 301. The Friction of Railway Brake Shoes at High Speed and High 
Pressure, by Herman J. Schrader. 1938. Sixty cents. : ; 

Bulletin No. 302. Fatigue Tests of Riveted Joints, by Wilbur M. Wilson and 
Frank P. Thomas. 1938. One dollar. m. 

Circular No. 82. Two Investigations on Transit Instruments, by William H. 
Rayner. 1988. Twenty-five cents. 

Circular No. 83. Papers Presented at the Twenty-fifth Annual Conference on 
Highway Engineering, Held at the University of Illinois, March 2-4, 1938. 1938. 
None available. 

Bulletin No. 308. Solutions for Certain Rectangular Slabs Continuous Over 
Flexible Supports, by Vernon P. Jensen. 1938. One dollar. | 

Bulletin No. 304. A Distribution Procedure for the Analysis of Slabs Continuous 
Over Flexible Beams, by Nathan M. Newmark. 1938. One dollar. 

Circular No. 34. The Chemical Engineering Unit Process—Oxidation, by 
Donald B. Keyes. 1938. Fifty cents. 

Circular No. 35. Factors Involved in Plate Efficiencies for Fractionating 
Columns, by Donald B. Keyes. 1938. Twenty cents. 

*Bulletin No. 305. Summer Cooling in the Warm-Air Heating Research Resi- 
dence with Cold Water, by Alonzo P. Kratz, Seichi Konzo, Maurice K. Fahnestock 
and Edwin L. Broderick. 19388. Ninety cents. 

*Bulletin No. 306. Investigation of Creep and Fracture of Lead and Lead Alloys — 
for Cable Sheathing, by Herbert F. Moore, Bernard B. Betty, and Curtis W. Dollins. 
1938. One dollar. 

Reprint No. 12. Fourth Progress Report of the Joint Investigation. of Fissures 
in Railroad Rails, by H. F. Moore. 1938. None available. 

*Bulletin No. 307. An Investigation of Rigid Frame Bridges: Part I, Tests of 
Reinforced Concrete Knee Frames and Bakelite Models, by Frank E. Richart, 
Thomas J.-Dolan, and Tilford A. Olson. 1938. Fifty cents. 

*Bulletin No. 308. An Investigation of Rigid Frame Bridges: Part II, Labora- 
tory Tests of Reinforced Concrete Rigid Frame Bridges, by W. M. Wilson, R> W. 
Kluge, and J. V. Coombe. 1938. Highty-five cents. 

*Bulletin No. 309. The Effects of Errors or Variations in the Arbitrary Con- 
stants of Simultaneous Equations, by George H. Dell. 1938. Sizxty cents. 

*Bulletin No. 310. Fatigue Tests of Butt Welds in Structural Steel Plates, by 
W. M. Wilson and A. B. Wilder. 1939. Sixty-five cents. 

*Bulletin No. 311. The Surface Tensions of Molten Glass, by Cullen W. 
Parmelee, Kenneth C. Lyon, and Cameron G. Harman. 1939. Fifty-five cents. 

*Bulletin No. 312. An Investigation of Wrought Steel Railway Car Wheels: 
Part I, Tests of Strength Properties of Wrought Steel Car Wheels, by Thomas J 
Dolan and Rex L. Brown. 1939. Seventy cents. 

_ *Circular No. 36. A Survey of Sulphur Dioxide Pollution in Chicago and 
Vicinity, by Alamjit D. Singh. 1939. Forty cents. 

_ *Circular No. 37. Papers Presented at the Second Conference on Air Condition- 
ing, Held at the University of Illinois, March 8-9, 1939. 1939. Fifty cents. 

_ *Circular No. 38. Papers Presented at the Twenty-sixth Annual Conference -on 
Highway Engineering, Held at the University of Illinois, March 1-3, 1989. 1939, 
Fifty cents. : 

*Bulletin No. 313. Tests of Plaster-Model Slabs Subjected to Concentrated 
Loads, by Nathan M. Newmark and Henry A. Lepper, Jr. 1939. Sixty cents. 


*A limited number of copies of bulletins starred are available for free distribution. 


